Picosecond Time-Resolved Linear Polarization Spectroscopy of the Blue-Green Photoluminescence in Vacuum-Annealed Porous Silicon by 秋山 宜生 et al.
PicosecondTime-ResolvedLinear
PolarizationSpectroscopyof
theBIue-GreenPhotoluminescencein
Vacuum-AnnealedPorousSilicon
NorioAKIYAMA,YoshiakiKIDoandTakahuiniAsAHI
D⑳α、DC〃ｑ／Ｅ泥c伽"ｉｃＤＺｇｉ"Ce〃，Ｚｇ
ｏﾉﾚzzycz池αｕ)z/zﾉe灯吻ｑ／ｓｂ伽ca
R伽ﾉｰｃｈｏＺ－Ｚ，ＯﾉｾzZydz池α〃0-000ａノヒZPcz〃
（ReceivedOctober5,1998）
Abstract
Thedynamicsoftheblue-greenphotoluminescence(bg-PL)fromporoussilicOnfilm
oxidizedinambientairaftervacuum-annealinghavebeeninvestigatedintermsof
excitationenergydependenciesofbg-PLspectraandoflinearpolarizationP，using
picosecondtime-resolvedpolarizationsPectroscopyunderthecavitydumpingmethod
ThePdependsonthedifferencebetweentheexcitationandPLenergies(Stokesshift）
andremainsconstantuntil8ns、Theresultsareexplainedusingalocalizedexciton
modeL
１．Introduction
lnviewofthepossibleapplicationsofall-silicon-opticaldevices,itisimportantto
explaintheoriginofvisiblephotoluminescence(PL)fromporoussilicon(PSi).ＰＬｆｒｏｍ
ＰＳｉｃａｎｂｅｓｅｐａｒａｔｅｄｉｎｔｏｔｗｏcharacteristicbandswithadifferentPLenergyand
decaytimeT1-5):Ｏｎｅｉｓａｙｅｌｌｏｗ－ｒｅｄＰＬ(yr-PL)ｂａｎｄｗｉｔｈで～1ﾉ【zsandtheotherisa
blue-greenPL(bg-PL)ｂａｎｄｗｉｔｈＴ～l0nsForthesetwobands,manyexperimental
resultshavebeenobtainedandseveralmodelsfortheluminescencemechanismhave
beenproposed6)．Ayr-PLisobservedforas-anodizedPSi6)，andtheluminescence
mechanisminyｒ－ＰＬｈａｓｂｅｅｎｓｈｏｗｎｔｏｂｅｒｅｌａｔｅｄｔｏｔhehydrogenatednanocrystalline
●siliconandstronglylocalizedstates7).Abg-PLsampleisusuallypreparedbyrapid
thermaloxidation(RTO)athightemperature4)bInthiscase,abg-PLisnotimmediate‐
lyobservedafteroxidationandonlyappearsafteraginginambientair8).However,the
creationandluminescencemechａｎｉｓｍｓｏｆｂｇ－ＰＬａｒｅｎｏｔｃｌｅａｒ・
Recently,usingpolarizationspectroscopywithpulse''5)ａｎｄｃｗ９)lasers,itwasfound
thatbg-PLinPSihasalargelinearpolarizationP,whichisdefinedbyP＝(Ｚｉｌ－Ｌ)／
(Zil＋Ｌ),ｗｈｅｒｅＺｉｌａｎｄＺＬａｒｅｔｈｅｐａｒａｌｌｅｌａｎｄperpendicularcomponentsofthePL
intensitywithreferencetothelinearpolarizationofincidentlight,respectivelylo)．
Time-resolvedpolarizationspectroscopyisapowerfultoolforstudyingradiative
andnonradiativerelaxationdynamicsofPL11).Inparticular,ｉｎｔｈｅｃａｓｅｏｆＰＬｔｈａｔｈａｓ
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bothlongandshortlifetimesaslikePSi，onecanobtainaccurateinformationof
individual5)．
Inthispaper,ｗｅｒｅｐｏｒｔｔｈａｔｂｇ－ＰＬｉｓｏｂｓｅｒｖｅｄｂｙｏxidationinambientairafter
vacuum-annealing,whichplaysanimportantroleinhydrogendesorptionfromPSi
Moreover,usingpicosecondtime-resolvedpolarizationspectroscopyunderthecavity
dumpingmethod,wereportthedependenceoftimeandtheexcitationphotonenergy
且xcforPofthebg-PLToexplainourexperimentalresults,weproposealumines-
cencemechanismusingalocalizedexcitonmodelandSinanostructure．
2．Experimental
PSilayerswerepreparedbyanodicetchinginethanoicHF(mixtureisl：１：lof
47vo1％ＨＦ：Ｃ２Ｈ５０Ｈ：Ｈ２０).Ａ(100)p-typeSi(10ｎｃｍ)substratewasusedforthe
anodeandPtforthecathodeTheanodicetchingwascarriedoutwithanaverage
curｒｅｎｔｄｅｎｓｉｔｙｏｆｌｌｍＡｃｍ－２ｆｏｒｌ５ｍｉｎｕndervisiblelightilluminationAfteranodic
etching，ｔｈｅｓａｍｐｌｅｗａｓｋｅｐｔｉｎｔｈｅｓａｍｅｓｏｌｕｔionfor5minTheas-anodizedPSi
sampleappearsonlyasstrongyr-PLunder2､96eVlaserexcitation
Thebg-PLsamplｅｏｆＰＳｉｗａｓｐｒｅｐａｒｅｄａｓｆｏｌｌｏｗｓ:Ｓａｍｐｌｅｗａｓｏｘｉｄｉｚｅｄｉｎａｉｒｆｏｒ
４ｍｉｎａｔｌ５0.Candquenchedtoroomtemperature・Ｉｎｔｈｅｎｅｘｔｓｔｅｐ,thesamplewas
annealedinavacuum(2×l0-6Torr)ｆｏｒｏｎｅｈｏｕｒａｔ２００ｏＣ,usingacryostat(Oxford
DN1754)ｃontrolledbyatemperaturecontroller(OxfordlTC502).Thisprocesswas
repeated24times・Then,PLfromthesamplewasnotobserved,becausemostofthe
hydrogenthatpassivatesthePSisurfaceisdesorbed12).Weanalyzedthespectrumof
theFouriertransforminfrared(ＦＴＩＲ)onthesample・Theinfraredabsorptionbands
inthetripletat2090二2140ｃｍ-1,correspondingtothestretchingmodesofSi-Hxatomic
groups,disappearedbyvacuum-annealing・Thevacuum-annealedsamplewasstored
forseveraldaysinambientairbeforemeasuringThen,thesampleappearedalmost
asbg-PLＩｎｔｈｅｓｐｅｃｔｒｕｍｏｆＦＴＩＲ,theintensityoftheSi-O-Siasymmetrystretching
modelocatedatllOOcm-1becamestrongerbykeepinginambientairforseveraldays・
Therefore,itisconsideredthatthesurfacewaｓｃｏｖｅｒｅｄｂｙａＳｉＯｏｒＳｉＯ２layer､Inthis
paper,wechoseaspecimenwithafilm-1ikearea,ｗｈｉｃｈｉｓａｂｏｕｔｌ２ｍｍｆｒｏｍｔｈｅｔｏｐ
ｏｆｔｈeetchedarea・
Theexperimentalsetupwasthesameasinourpreviouswork5).Fortheexperiment
intherangebetwｅｅｎ２,７０ａｎｄ2.99ｅＶ,weusedacavitydumpeddyelaser(pulsewidth
8ps,Stilven3)ｐｕｍｐｅｄwithathird-harmonicgenerator(ＴＨＧ)Combinedwithasecond
harmonicgenerator(ＳＨＧ)fromamode-lockedNd3+:ＹＡＧ(yttriumaluminumgarnet）
laser(CoherentAntares76-s).Fortheexperimentinrangebetween２．００ａｎｄ2.21ｅＶ，
weusedacavitydumpeddyelaser(pulsewidth8ps,Ｒｏｄａｍｉｎ６Ｇ)ｐｕｍｐｅｄwithaSHG
fromamode-lockedNd3+:ＹＡＧlaser・Ｆｏｒｔｈｅｅｘｐｅｒｉｍｅｎｔａｔ２３３ａｎｄ３､49ｅＶ(pulse
width80ps),weusedanacousto-opticmodulator・Toavoidtheeffectofaphotocarrier
inducedbythestrongexcitationpｏｗｅｒａｎｄｔｈｅｓｌｏｗｄｅｃａｙｏｆｔｈｅｙｒ－ＰＬｂandcaused
byahighrepetitionrate,weusedlowexcitationpower(4〃Wcm-2)andslowrepetition
frequency(3.8ＭＨｚ)forthelaserpulse．
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3．ResultsansDiscussion
FigurelshowstyPicaltime-resolvedspectraofthebg-PLunderEbxc2.96eVatroom
temperature,observedasafunctionofdelaytimetdfromtheexcitationlaserpulse・
ThepositionofthepeakenergyEbandtheshapeofthetime-resolvedspectradonot
changewithdecay・Ｔｈｅｄｅｃａｙｔｉｍｅａｔｌ/eoftheinitialintensityofthePLbａｎｄｗａｓ
ａｂｏｕｔＯ３ｎｓｏｖｅｒｔｈｅｗｈｏｌｅｂａｎdTheseresultsshowthatthesampleagedinambient
airaftervacuum-annealingonlyappearsasabg-PLbandMoreover,wemeasuredthe
temperaturedependｅｎｃｅｏｆＰｆｏｒｂｇ－ＰＬｂａｎｄｂｅｔｗｅｅｎ７７ａｎｄ４７０Ｋ，butfoundno
temperaturedependenceofP・
Ｆｉｇｕｒｅ２ｓｈｏｗｓｔｈｅＰＬｓｐｅｃｔｒａｏｆＰＳｉａｔｔａ＝Ounderconstantexcitationphoton
numberandvaryingEbxcbetweeｎ２２１ａｎｄ３４９ｅＶ・Thevalueofthefullwidthathalf
maximumofthePLspectrumbecomesbroaderwithincreasingEbxcinthedirectionof
thehighenergysideoftheＰＬ－ｂａｎｄＴｈｅｐｅａｋintensityofthePLspectrumincreases
withincreasingEbxc・ThepositionofEbofthebg-PLbandshiftsfrom1.93ｔｏ2.55eV
byvaryingEbxc,keepingtotheshapeatthelowenergｙｓｉｄｅｏｆｔｈｅＰＬｂａｎｄ
Ｆｉｇｕｒｅ３ｓｈｏｗｓａｔypicaltime-resolvedPLdecayandtime-dependenceofitsPfor
thephotonenergyEbhattheshouldersofthebg-PLband(1.90ａｎｄ2.50eV).Thedecay
curveofPLisclearlynon-exponentiaLHowever,afterthelaserexcitation,thetime
dependenceofPat四m＝1.90ａｎｄ2.50ｅＶdemonstratesthatthevalueofPremains
almostaｔｉｔｓｉｎｉｔｉａｌｖａｌｕｅｓｏｆａｂｏｕｔＯ２３ａｎｄ0.32,respectively，until8nsatroom
temperature・Theseresultsshowthatphoto-generatedelectronsandholesinPSiare
localizedattheexcitedstateseveninroomtemperature
Figure4showstheEbxc-dependenceofPinthePLbandsThedegreeofPatafixed
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FiglTypicaltime-resolvedspectraofthebg-PLunder296eVexcitationatroomtemperature
wereobservedａｓａｆｕｎｃｔｉｏｎｏｆｄｅｌａｙｔｉｍｅ屯fromtheexcitationlaserpulse．
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Time-resolvedPLdecayisdescribedbydOttedlinesTimedependenceofPattheshoulders
ofthebg-PLband1.90and250eVareplottedbyclosedtrianglesandclosedcircles，
respectively．
Fig.３
EbhdependslargelyontheEbxc・ThemaximumvalueofPforeachEbxcis0.32.Inour
sample,weobservednosample-orientationdpendenceofPwithrespecttotherotation
ofthesamplearoundanaxisnormaltoitssurfaceForEbxcsmallerthan233eV,the
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Fig4ThevaluesofPinthePLbandsforseveralEbxcareplottedasafunctionofEbh．
valueofPisalmostconstantinthePLbandobservedbyE6xc､Thissuggeststhatan
electronandholeexcitedatonesiterecombineradiativelywithoutmovingtoanother
sitewithelectron-phononinteractionTherefore，itisconsideredthatspectrumfin
Figure2correspondstoaPLrelatedtothelowestenergylevel,whichisestimatedto
be206eV・
Figure5showsthePforeachEbxcplottedbyStokesshift(Ebxc-Ebh).Fromthe
figure,ｉｔｃａｎｂｅｓｅｅｎｔｈａｔｔｈｅｖａｌｕｅｏｆＰｆｏｒｔhedifferentEbxcliesonthesame
dependenceanddecreaseswithincreasingStokesshift・Thisimpliesthatthereduction
ofPiscausedbythephononinteractionｗｉｔｈｅｌｅｃｔｒｏｎｓａｎｄｈｏｌｅｓｉｎｔｈｅＰＬｂａnd
However,inyr-PL,replottingthe且xc-dependenceofPwithStokesshift'''3),ｔｈｅｖａｌｕｅ
ｏｆＰｄｏｅｓｎｏｔｌｉｅｏｎｔｈｅｓａｍｅdependenceThisimpliesthatthedynamicalprocessof
theyr-PLisdifferentfｒｏｍｔｈａｔｏｆｔｈｅｂｇ－ＰＬ
ＩｎＦｉｇｕｒｅ５,thevalueofPsaturatesatO32aroundnoStokesshift・ＳｕｃｈａｈｉｇｈＰ
ｍｅｍｏｒｙｏｆＯ３２ｉｓｃｏｎｓｉｄｅｒｄｔｏｂｅｃａｕｓｅｄｂｙｔｈｅｈｉｇｈｄｅｇｒｅｅｏｆｌocalizedelectronsand
holes，ｂｅｃａｕｓｅｔｈｅｍａｘｉｍｕｍｖａｌｕｅｏｆＰｆｒｏｍｔheensembleofrandomlyoriented
dipolesisexpectedtobe0.513).ＡｒｅｄｕｃｔｉｏｎｏｆＰｆｒｏｍＯ５ｉｎｔｈｅＦｒａｎck-Condonstate
(FCS)mayberelatedtothespin-orbitinteraction2).SuchareductionofPinFCShas
beenfoundusingresonantsecondaryradiationintheabsorptionofanFcenterin
alkalihalidecrystals''''4)．
Ｔｈｅｂｇ－ＰＬａｎｄｉｔｓＰｏｆＰＳｉｐｒｅｐａｒｅｄｂｙＲＴＯｎｅａｒｌＯＯＯ゜Caresimilartoour
results9''5),althoughthebg-PLisobtainedbyadifferentpreparationofPSi・According
toourresults,weconsiderthatthebg-PLfromPSipreparedbyRTOisslowlycreated
byoxidationinambientairafterhydrogendesorptionbyRTO・
Toexplaintheaboveexperimentalresults,weproposealocalizedexcitonmode1ａｓ
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Fig5ThevaluesofPinthePLbandsforseveralEbxcareplottedasafunctionofStokesshift(且xc
-Ebh)．
follows:TheexcitedelectronrelaxestothebottomofconductionbandinXvalleｙａｎｄ
ｆｏｒｍｓａｎｅｘｃｉｔｏｎｗｉｔｈｈｏｌｅａｔｔｈetopofthevalencebandatrvpoint'6,17).Moreover,we
assumethatacreatedexcitonrelaxestoabottomofthepotentialusingaconfigura
tioncoordinatemodelforthelocalizedexcitonandemits・Thesizedistributionofthe
siliconnanocrystalscreatesmanyenergystatesofexcitonsTherefore,ｔｈｅＰＬｂａｎｄ
ｗｉｄｔｈａｌｓｏｂｅｃｏｍｅｓｗｉｄｅｒwithincreasingtheStokesshiftasreportedby
Muramatsu17)．
Thedepolarizationbg-PLbandisexplainedbyanemissionaccompaniedwitha
phonon-assistedprocess・Thephonon-assistedprocessisexplainedasfollows:Ｉｎｔｈｅ
Ｅｂｘｃａｂｏｖｅ２､33ｅＶ,electronsorholesinonepotentialtransfertoasuccessivelylower
potentialwithTOphononemissionduringthermalizationinthepotentialminimum，
causingPLatmultiplepotentials・Therefore,ｔｈｅＰＬｂａｎｄｗｉｄｔｈａｌｓｏｂｅｃｏｍｅｓｗｉｄｅｒ
withincreasingtheStokesshift・Moreover,thememoryofPissuccessivelylostby
transferringtheelectronsorholesfromonepotentialtoanother,becausethenumber
ofparticipatingphononsincreasesinproportiontotheincreseinStokesshift，
ＩｎｔｈｅＥｂｘｃｂｅｔｗｅｅｎ２２１ａｎｄ２､33ｅＶ,aftertheexcitonisexcitedtoapotentialinPSi，
itlosestheexcitationPmemoryatFCSimmediatelyandreachesthepotential
minimumwithoutmovingtoanotherpotentiaLThen,itemitsafterthermalization・In
thiscase,sincethephonondoesnotassist,ｔｈｅｖａｌｕｅｏｆＰｉｓｃｏｎｓｔａｎｔｏｖｅｒｔｈｅｗｈole
PLbandAsintheaboveresults,PdecreaseswithincreasingStokesshiftandfinally
becomesconstant．
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4．Conclusion
lnsummary,ｗｅｒｅｖｅａｌｅｄｔｈａｔｔｈｅｂｇ－ＰＬｉｓｓｌｏｗｌｙcreatedbyoxidationinambient
airafterhydrogendesorption・Ｗｅｓｔｕｄｉｅｄｔｈｅｂｇ－ＰＬｂａｎｄｕｓｉｎｇｔｉme-resolvedpolari‐
zationspectroscopyunderthecavitydumpingmethodFromtheresultsofexcitation
energydependenceofpolarizationaｎｄｔｈｅＰＬｂａｎｄ，theoriginofthebg-PLband
suggestedtobeduetothelocalizedexcitonstateswhichareinducedbyoxygen・Ｔｈｅ
ｂｇ－ＰＬｉｓｃｏｍｐｏｓｅｄｏｆｅｍｉｓｓｉｏｎｓｆromthemanydifferentnanocrystalsThememory
ofPissuccessivelylostbytransferringtheelectronsorholesfromonepotentialofthe
localizedexcitonstatetoanother・ThesestatesareproducedbytheSi-Obondsatthe
surfaceofthenanocrystalsortheinterfacebetweenthesiliconnanocrystalsandthe
silicondioxide．
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